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Abstract: We study trapped single excitons in a monolayer semiconductor
with respect to their temperature stability, spectral diffusion and decay
dynamics. In a mechanically exfoliated WSe2 sheet, we could identify
discrete emission features with emission energies down to 1.516 eV which
are spectrally isolated in a free spectral range up to 80 meV. The strong
spectral isolation of our localized emitter allow us to identify strong
signatures of phonon induced spectral broadening for elevated temperatures
accompanied by temperature induced luminescence quenching. A direct
correlation between the droop in intensity at higher temperatures with the
phonon induced population of dark states in WSe 2 is established. While our
experiment suggests that the applicability of monolayered quantum emitters
as coherent single photon sources at elevated temperatures may be limited,
the capability to operate them below the GaAs band-edge makes them
highly interesting for GaAs-monolayer hybrid quantum photonic structures.
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1. Introduction
Solid state quantum emitters, such as semiconductor quantum dots [ 1], NV centers in diamond
[2] optically active defects in semiconductors [3] or insulators [4] are promising candidates as
quantum light sources or systems to host stationary quantum bits. Monolayer semiconductors
have emerged as a new material platform in photonics which promises new scientific advances
and technological applications: They represent a unique system to investigate robust excitonic
effects due to strongly enhanced carrier binding energies, and give rise to a new class of spinor
effects related to the valley pseudospin [10]. Strong progress has been made in studying such
effects, including the observation of the valley pseudospin and valley polarization control[ 11–
15]. Recently, localized excitons hosted in monolayered semiconductors have been identified
as a new class of solid state quantum emitters [5–9]. Thus far, except one recent report [20],
the emission wavelength of these emitters was mainly found in the spectral range between
730 and 770 nm (1.6-1.7 eV) and evolved from a rather dense emitter array. This makes it
challenging to spectrally isolate single emitter lines, and imposes major obstacles to combine
them with well-established GaAs based photonic devices and microcavity architectures due to
the spectral absorbtion in GaAs. The photonic engineering of these structures, however, is an
almost stringent prerequisite to make these emitters competitive in the zoo of quantum light
sources, since thus far, signal to noise ratios remained comparably modest in these new kind
of non-classical light source. In this paper, we report on the investigation of deeply localized
quantum emitters hosted in a single sheet layer of WSe2, which emit in the transparency region
of undoped GaAs. The quantum emitters are red-shifted up to 180 meV with respect to the free
exciton band in WSe2, emit in a free spectral range up to 80 meV and thus can be combined
with GaAs based photonic devices in the future. We map out the temperature dependence
of single localized exciton luminescence, including the thermal activation of carriers leading
to temperature induced luminescence quenching, phonon induced line broadening and study
recombination lifetimes of these localized defects. The temperature dependence of the single
localized emitter provides the new insight of the basic level structure and exciton recombination
mechanisms.
2. Experimental details
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Fig. 1. (a) Optical image of an exfoliated flake on top of the Si/SiO2 substrate. (b) Photo-
luminescence spectrum from localized emitters. The inset is a high resolution spectrum of
the highly redshift peak (SQEA). The data was recorded at a nominal temperature of 4.2 K.
Fig. 1(a) shows the optical image of the sample under consideration for the present study. The
size of the monolayer region on the flake size is around 30μm*50μm. The flakes were obtained
by mechanical exfoliation from bulk WSe2 crystal onto a Si substrate with a 285nm SiO2 layer
on top. We followed a procedure as recently described in [ 25]. We used commercial 19mm tape
(Scotch) to transfer the flake onto a target substrate. The substrates were cleaned with oxygen
plasma before the exfoliation. Monolayer candidates of WSe 2 were pre-selected from the white
light image contrast on the CCD in our optical microscope. The large light blue transparent area
near the rectangle marker in Fig. 1(a) was expected to be the monolayer area, which was con-
firmed by low temperature non-resonant micro-photoluminescence (μPL) via the characteristic
luminescence from the free exciton. For the optical experiments, the sample was attached to the
cold-finger of a liquid Helium flow cryostat and the luminescence from the flake was collected
by a 50x objective (NA=0.42) in a confocal microscope system. The WSe 2 flake was excited by
a Continuous-Wave(CW) 532 nm laser, or a mode locked, up-converted Ti:Sa oscillator with a
pulse frequency of 82 MHz and a pulse length of 3 ps. Photoluminescence measurement were
performed using a Princeton-Instrument SP2750i spectrometer equipped with a liquid nitrogen
cooled charge coupled detector. Fig. 1(b) shows an exemplary spectrum of the photolumines-
cence stemming from the interface region between the monolayer and the WSe 2 bulk region,
recorded at an excitation power of 30 μW and a nominal sample temperature of 4.2 K. The
spectrum is dominated by a zoo of sharp spectral lines near the rectangle area in Fig. 1(a),
that are red shifted by 40-180 meV from the WSe 2 free valley exciton. In the energy range
from 1.5 1.6 eV, we found dominant emission features at energies down to 1.517 eV, which
are spectrally isolated by more than 80 meV from any other pronounced spectral resonance in
the monolayer crystal. The inset of Fig. 1(b) shows a close-up spectrum of this spectral feature
around 1.517eV (labeled as SQEAin the following), which is red-shifted 180meV from the 2D
exciton ( 1.7eV). The Lorentzian fit (red line) yields a rather narrow linewidth of 168 μeV,
which is roughly two orders of magnitude smaller than the luminescence linewidth of the free
exciton, and compares well with previously reported linewidth from localized excitons in WSe 2
[5–9] .
3. Results and discussion
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Fig. 2. (a) Spectral wandering of the SQEA as a function of photon energy and frames. (b)
The integrated counts of the photon emission from SQEA showing the onset of a charac-
teristic saturation behavior with increasing laser power. The red line is the saturation curve
fit. (c) Linewidth of the SQEA as a function of the excitation power.
In order to assess the influence of spectral wandering on the macroscopic time scale on the
emission properties of this spectral emitter on the surface of our sample, we record various
spectra every second and plotted it in the contour graph in Fig. 2(a). Clear fluctuation effects
and spectral jumps occur on a timescale of seconds, a clear feature of spectral diffusion in
quantum emitters [21, 24]. Such behavior is commonly observed in surface sensitive defect
luminescence and has been previously identified for WSe 2 single defect luminescence in the
spectral range around 750 nm [5]. Indeed, the strong interaction of the emitters close to the
surface with their environment can be considered as an appealing resource for exciton-based
sensing applications. Next, we investigate the power dependent emission characteristics from
this emitter. In Fig. 2(b) we plot the integrated emission intensity as a function of excitation
power P. We observe a clear deviation from a linear behaviour, as expected for for a two level
fermionic system: The red line in Fig. 2(b) is a saturation curve fitted with the formula:
I(P) = Imax
1
1+ P0P
(1)
Here, the P0 is the saturation power which is related to the lifetime of the excited emitter state,
which corresponds to the laser power P0=20 μW on the objective. For increasing excitation
power, we furthermore observe the common power broadening effects inherent to single emit-
ters in the presence of dephasing, as can be seen in Fig. 2(c).
The sample temperature has a strong influence on the energy and linewidth of the single
localized emitter on the flake: In Fig. 3(a) and Fig. 3(c) we plot spectra from two single quantum
emitters SQEA (at 1.517eV) and SQEB (emitting at 1.576eV) for various sample temperatures.
By increasing the sample temperature, both peaks are subject to a distinct redshift, caused by
the shrinking of the bandgap of the host material. To determine the broadening of the single
quantum emitters, Fig. 3(b) and Fig. 3(d) depict the temperature dependent linewidth of SQE A
and SQEB. We can reproduce these data by accounting for contributions of acoustic and optical
phonon scattering in a similar manner as in conventional semiconductor QDs [ 22] via
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Fig. 3. (a) and (c) Temperature-dependent photoluminescence spectra of SQEA and SQEB.
The linewidths broaden when the temperature is increased. (b) and (d) Extracted linewidth
as a function of the temperature. The red lines are fitted by equation (2).
γ(T ) = γ0 + γac ∗T + γLO
e
ELO
kT − 1
(2)
Where γ0 is the linewidth at T=0, γac and γLO give the acoustic and optical phonon scattering
and ELO is the activation energy of longitudinal optical phonons. In the low temperature regime
the linear term, which indicates a line broadening via coupling to acoustic phonons dominates
and the fit reveals γac,A=(1.6±0.7) μeV/K and γac,B=(11±1.0) μeV/K. At higher tempera-
ture, the linewidth dependence is dominated by the influence of the optical phonons. For both
peaks, the extracted activation energy of the optical phonons yields E LO=(9.94±0.60) meV and
(9.28±0.48) meV for SQEA and SQEB respectively. From the intersect with the y-axis, we find
the extrapolated single peak linewidth at 0 K of γ0,A=(0.16±0.01) meV and γ0,B=(0.88±0.02)
meV which implies that the effects of spectral diffusion act significantly stronger on the high
energy exciton in our case.
In addition to the temperature induced line broadening, we observe a pronounced intensity
droop of the single emitter line at elevated temperatures. Figs 4(a) and Figs 4(b) depict the in-
tegrated counts as a function of T for SQEA and SQEB. The data can be reproduced by a simple
model, taking into account competing loss channels which can be activated by a characteristic
energy (E1 and E2 in the case of two channels), respectively. This rate equation model yields
the analytical formula:
I(T ) =
I0
1+A1e
E1
kT +A2e
E2
kT
(3)
Where I0 is the extracted integrated single emitter intensity at 0K and A1, A2 describe the
proportion of both loss channels. The activation energies E 1 and E2 are corresponding to the two
different loss channels. For SQEA, we reproduced the experimental data by taking into account
only one significant loss channel with a characteristic energy E A=(9.05± 0.97)meV. For SQEB,
which is somewhat more blue-shifted, we yield E1B=(4.25±0.44) meV, E2B=(15.64±0.80) meV
as characteristic energies, where the contribution of the larger energy scale is dominating the
overall behavior. As the activation energy of a localized exciton into a continuum state amounts
to hundreds of meV and higher shells of the confined exciton modes were identified to be
several tens of meV apart [9], we assume that a thermally activated carrier transfer in a near
lying dark exciton state can be the reason for the intensity quenching at elevated temperatures.
This assumption is supported by the fact, that the characteristic activation energy E A almost
perfectly coincides with the identified phonon activation energy (9.94± 0.6 meV) from the
data plotted in Fig. 4(a).
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Fig. 4. (a) and (b) Integrated intensity as a function of temperature for SQEA and SQEB.
The decrease of the intensity at high temperature is observed. The change in the slope is
around 20K and 10K , respectively. The red lines are fitted by equation (3).
To shed more light into the competing processes which yield the temperature induced lumi-
nescence quenching, we measure the temperature dependence of luminescence lifetimes from
the red-shifted emitter A in the range 4 to 45K. The excitation beam is the 475nm blue line,
up-converted from a near-infrared Ti: Sapphire laser (central wavelength 950nm, repetition rate
82MHz, 3ps pulse width ) . The emitted photons are filtered by the monochromator and de-
tected by a Silicon-based avalanche photo diode (APD). The time resolved PL is measured
using a time correlated single photon counting (TCSPC) card with the time resolution 450 ps.
The excitation power is fixed at 40 μW for different temperatures. The black curve in Figure
5(a) exemplarily shows the luminescence decay at 24K. We can see a very fast decay occurring
within the time resolution scale and a much slower decay with a lifetime T2 ≈ 3.65 ± 0.30ns.
Interestingly, when the temperature raises to 41K, T2 decreases to 1.39±0.06ns and the fast de-
cay part vanishes. Similar to the model in discussed in equation 2, the temperature dependence
of the emitter lifetime can be modeled with a three level system, assuming one ground state
(the empty crystal) and two competing excited states that contribute to the emission process.
We apply the model discussed in [23]
T−12 =
Γbright +Γdark
2
− Γbright −Γdark
2
tanh ΔE
2kBT
(4)
Here, T−12 is the observed exciton radiation rate, Γbright and Γdark are the decay times of
the two competing channels, corresponding to the lower and upper emission states. The energy
difference between the two emission states ΔE could thermalize the exciton states by absorbing
and emitting phonons. Figure 5(b) shows the radiation rates as a function of temperature. The
round black circles are measured data and the red solid line is the fit using the equation (4).
The fitted line reveals Γbright =9.12ns−1, Γdark =0.19 ns−1 and ΔE =(9.6±0.74)meV. The large
difference between the extracted emission rates at low and high temperatures suggests, that
a dark exciton significantly contributes to the decay process. The energy difference between
states extracted from these lifetime measurements neatly matches the characteristic energy scale
which we extracted as the activation energy of LO-phonons in our emitters and furthermore was
extracted as the activation energy from the temperature induced intensity quenching. It is worth
noting, that the dark exciton configuration has been identified as the lowest lying state of the
free exciton in WSe2, with an energy separation on the order of 30-40 meV to the bright state
[? ] The presence of confinement, localization and strain variations at the interface to the bulk
crystal can change this number somewhat, and a value of ΔE =(9.6±0.74)meV is well within
the expected range [26].
Fig. 5. (a) Time resolved PL of SQEA. The black line decay is bi-exponential at 24K with
the long decay time 3.65 ns. The red line is mono-exponential at 41K with the decay time
1.39ns. (b) Decay rates of SQEA increase as a function of the temperature. The change of
the slope is around 20K. The red line is fitted by equation (4).
4. Conclusion
In summary, we observed highly red-shift localized single emitter in a WSe 2 monolayer. The
emission wavelength, which is in the transparent region of GaAs, outlines the possibility to
integrate such emitters in GaAs based nano- or microphotonic architectures. The temperature
dependent intensity decay and linewidth broadening reveal a dominant phonon influence on the
single emitter. The assumption that a carrier transfer into a near lying dark state leads to the
temperature induced luminescence quenching is backed by time resolved spectroscopy which
sheds further light into the the basic energy structure of the localized emitters in monolayer
semiconductors. The result was further supported by the recent discovered free dark exciton in
monolayer WSe2[26].
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